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Anomalies in the tunneling conductance centefed at zero
bias have been found in several experiments.1 These studies
were performed on a large class of p-n junctions, as well as on
junctions composed of normal metals separated by an insulating
oxlde layer.

In particular, Wyatt has observed2 a peak in the conduc-
tance, G(V), centered at zero bias in tunneling Junctions where
Ta or Nb was separated from Al by a thin oxide layer. Wyatt
found that G(V) could be divided into a temperature-independent
part GO(VL and a strongly temperature-dependent partAG(W#GﬁDHQJVL
AG(V)/GO(V) varied as 1n|eV/kT| for eV > kT, while AG(@)/GO(Q)
varied with temperature as 1nT. The effect persisted both above

and below the superconducting transition temperature when care
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was taken to quench the superconductivity with an applied magne-
tic field of 9 kG. The effect of varying the magnetic field
between 4 kG and 20 kG was observable only at 1.5°K, where a
10°/, broadening of AG(V) was observed. Wyatt assumed that

the zero bias anomaly in G(V) was due to a logarithmic singu-
larity in the density of states at the Ferml surface.

> that the Wyatt anomalies may be

Anderson has suggested
caused by magnetic impurities, and recent experiments4 appear
to corroborate his idea. Stimulated by Anderson's suggestion,
we have analyzed several microscopic mechanisms; one of these
is closely related to the scatfering singularities discussed
by Kondo.5

We begin by remarking that near zero bias and at low
temperatures one expects localized states to contribute to the
tunneling current by serving as a momentum reservoir for the
tunneling electrons. Such a reservolir is obviously essential
if the initial and final states of the tunneling electron have
wave vectors differing by a substantial fraction of a recipro-
cal lattice vector. This is the case for p-n junctions of Si
and Ge and is —~ probably the case for the junctions studied
by Wyatt, considering the nature of the Fermi surfaces of the
metals involved.

We shall assume that the localized states (which may be

associated specifically with impurities or with the metal-oxide
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interface) are paramagnetic and are coupled to the conduction

electrons by an exchange interaction of the following form:

H=H +H, (1)
v 1.5.1{.' S+(a£_b£++b;_a£+)
+ T EZ}.{. S-(a;+bl{',_+b;g,+a£_), (2)
Hy = +J Efﬁ' S [(a;+ Bre” k Ay J+( k+bk'+ bgfbg'-)]
+J .1.5}5' sH( a;_a5++b£_bg+)
+J ;515' s (ak+ K- k+ By ) (3)
.

where SZ, ST and S~ are the spin operators of the localized
states. Electrons on the left (a) side of the junction which
have momentum X and spin o are described by the creation and
+
annihilation operators ago, azc,
have similar meanings for electrons on the

respectively, while the opera-
tors bk'd" bg*,o'
right (b) side of the Jjunction.

J 1s an exchange coupling for electrons which remain

on the same side of the Jjunction after scattering off the lo-

calized spin. 'I'J is similarly an exchange coupling, except it
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is defined in terms of electrons.on opposite sides of the Jjunc-
tion. It will, consequently, be smaller than J by a factor,

i the order of the overlap of the exponential tails of the wave-
functions on opposite sides of the Jjunction. The two terms,
H1 and H2,

an electron scattering off a localized spin: either the elec-

tron scatters to the other side of the junction or remains on

the same side. Thus, the interaction described by H is confined

to within a mean free path of the Jjunction.

H contains the interaction of conduction electrons with
a single localized spin. We assume that we may neglect inter-
ference effects between localized spin states. To obtain the
total current Jab between sides a and b we multiply jab’ the
current calculated from H by N, the number of localized spins.

We obtain jab from

o=t 50 b o A€ RE o) )
kio ! 4 -
- Wi ke § €)1 € Lepe)) ] |
where f(é{kd,) is the Fermi-Dirac distribution function and
w}so’;&'o-'
tering from state (k,0") on side a to (k',0"') on side b.

is the transition probability for an electron scat-

T third order in the exchange coupling W is given by:

1] + complex conj.

i35 7T E E

H., H . H
v ooy Ty
k#+1 i k

+ IHijIé] §(E;-Ey), (5)

represent respectively, the two possible outcomes of



where Ei and Ej are the energies of the initial and final states
of the electron-localized spin system. We shall be interested
in only those terms of wi;j which are first order6’7 in TJ. We
assume there is a magnetic field, H present, so that the
localized spins have a Zeemam energy, A equal to gLuBEL. g is

the g-factor of the localized spin, M, the Bohr magneton. The

B
Zeemannenergies of the conduction electrons were found to have
no effect on the current.

Typical scattering processes which contribute to AG are
shown in Fig. 1. Following an-analysis similar to that of
Kondo? one obtains for the processes shown in Fig. 1 the fol-
lowing:

W -27 27 (S(5+1)-M(M+1) )

kM — k!, M+1 7

x [g02)( eK+-A)+g(a)( € 1£+)+8;(b>( eg_)-%g(b)( €, 1+4)]

x & (€, rev-€,,-1) (6)

where M is the component of localized spin along the magnhetic
field and S is the total spin of the localized state. We assume
the Fermi energy on the a side has been raised by an energy eV,
the applied potential. g(n)(w) is defined by:

€F+E

, o) n
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where the index n specifies whether the above sum is carried out
over states from the a or b sides.

ejkd' is the energy of an electron with momentum k and
spin C'b;fore the external electric field is applied, and the
Fermi energy appearing in f(ek) is the common Fermi energy of
sides a and b when V=0.

We have limited the sum over states to a narrow energy
region of width EEO centered at the Fermi energy. This reflects
the fact that only in a narrow energy is our assumption valid
that the exchange couplings J and T; appearing in Egq. (1)-(3)
are constant. It is difficult to estimate EO and it will be
taken as an adjustable parameter.

When all terms which contribute to W;.p are evaluated,

E

the k-space sums in Eq. (4) performed, and the derivatives

with respect to V taken, one obta.ins8-11 for G(V):
a(v) = GO(V)+AG(V) (8)
where
<M eV+A eV-A
G (V) = c(1+ ES—(E% x (tanh 225 Pl - tanh 5 5w ) (9a)
AG(V) = ~3(§H(eg)+ Plep) ICIAG) (V)+88,(V)+8G5(V)]  (9b)
and
2
- > <MD A-eV . AeV
86, (V) = 2l-mrsyytastsrny (e r e ) | %
eV |+k,T
1n ———2- (10a)

o
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2 |eV-A|+k, T
3 M=> <M> A-eV B
AGQ(V) = [1+ &Sy S*(S_FlytanhEKBT]ln E, (10b)
2 |eV+A | +k, T
_ <M™> <M> AeV B
AGB(V) = [1 + S S(S+17tanh2kBT]1n E (10c)

2
4re 2 a b
C = - TJ fp (eF) 5) (EF) S(s+1)
To order JTJQ, only terms with a strong temperature and voltage
dependence have been retailined. <M2> and <M> refer to appropriate
statistical averages of S 2 and S_, respectively. Terms of the
z z
form 1n<52%191 which appear above are interpolative approxima-

o
tions to the function F(w), where

o (ep)F(0) = Sdeg(n)(e) 32— f(e+w). (11)

We have assumed throughout that an)(é), the density of
states, is a slowly varying function of energy and where it has
appeared in integrals we have replaced it by its value atEEF,
the Fermi energy.

For H= 0, (A= 0) G(V) simplifies to:

leV|+kBT
a(Vv) = C(l—llJ(fa(EF)+ (€5)) 1n —5 (12)

whence

kT

3hof = Ha(Plep)rPleg)) 10 g (12)



This is precisely the temperature and voltage dependence found
by Wyatt. Fitting his data we obtain Eo = 10.6 meV and
J%>a+JPb) = 0.012. Little significance should be attached to
the small values of Eo and J obtained from the data, as these
parameters will be renormalized when, e.g., the current from
non-magnetic localized states, 1is considered. Notice also that
J is positive, which implies antiferromagnetic coupling between
the conduction electrons and the localized spins, and that
ferromagnetic coupling in Eq. (12) implies a dip in G(V)
instead of a peak.

For H # O, G(V) assumes the rather complicated form given
in Egs. (8)-(10). For weak magnetic fields (those for which
A/2kBT << 1), H should have no noticeable effect on G(V). This
is expected to be the case for all temperatures studied by
Wyatt except T = 1.5°K. (We have assumed g = 1 in evaluating A.)
At this temperature the essential effect of H is to broaden the
peak.12 This can be seen from (10), where the single logarith-
mic peak centered on zeroc bias for H = O is split into three
peaks, two of which are displaced by A to elther side of zero
bias. We see, therefore, that the magnetic field dependence
of G(V) is consistent with that found by Wyatt.

In the 1limit eV, kBT << A we expect H to have a more
noticeable effect on'%g%g%. This effect will be different;
depending on whether tﬁe main contribution to Go comes from

magnetic or nonmagnetic scattering. In the former case, Eg.(13)




is replaced by

k T+A

S - -waFPiey) + pEp) 1 B, (14)

o]

while in the latter, one should use instead of Eq. (13)

k T+A
S - 1 Fep) + Plen))En T (15)

in the high field 1limit.
Experimental studies in the above regime should serve to

test the proposed exchange model.
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FIGURE CAPTIONS

Diagram I represents a second order scatfering process
in which an electron in state k+ scatters into the
virtual state g-. The localized spin state, repre-
sented in the diagram by a circle, changes 1ts z-
component of spin by one unit. The virtual state g-
then scatters into the final state ki. Such a process
may also occur in the reverse order: e.g., g- first
scattering k-, then k+ scattering g-. The double
vertical lines represent the junction interface.

Diagrams II-IV are similarly interpreted.






